We have developed a simple, specific, and sensitive reversed-phase liquid-chromatographic method for accurate and simultaneous analysis of corticosterone and cortisol in human plasma. We achieved a detection limitof 300 ng/L for both steroids by modifying the old solidphase extraction method to make use of "Tef Elutor" C18 columns, using a minibore (100 x 2 mm) analytical column, and using an ultraviolet detector with a 10-mmpathlength flow cell. With the new extraction method absolute extraction efficiencies were >90% for all the analytes, including the internal standard, flumethasone. The mobile phase was water (containing 5 mL of triethylamine per liter and citric acid to adjust the pH to 6.5), tetrahydrofuran, and acetonitrile (82/10/8 by vol). The average interassay CV for corticosterone at 0-25 p.g/L was 6.5%; that for cortisol at 0-300 Mg/L was 3.8%. and cannot be easily and readily adapted by many laboratories. Further, the simultaneous ease of processing several plasma samples (ordinarily simple and fast with the commercial SPE setups) seems to be almost impossible with the mechanical device they used. Besides, the HPLC method they used is a tedious normal-phase method, wherein cortisol is eluted at -42 miii. Dawson et al. (11) reported a reversed-phase method, but their extraction method is very tedious, involving methanol deproteinization followed by SPE, and the detection limit of their procedure was too high ( 15 tg/L) to detect corticosterone in human plasma. However, Dawson et al. did claim a mean recovery of --82% for their analytes.
Sciences,
Tarzana, CA) for more than 30 assays is that it is very tedious and lacks reproducibility. Despite these drawbacks, the RIA has been used extensively-there being no alternative method-to measure human plasma corticosterone concentrations in depressed patients before and after overnight dexamethasone administration (8, 9). Two liquid-chromatographic methods for the simultaneous assay of the glucocorticoids in human plasma are known (10,11). Oka et al. (10) described a normal-phase method with a detection limit of 300 ng/L for corticosterone and 500 ng/L for cortisol. But their solid-phase extraction (SPE) column and setup are unique, partly mechanized,
and cannot be easily and readily adapted by many laboratories. Further, the simultaneous ease of processing several plasma samples (ordinarily simple and fast with the commercial SPE setups) seems to be almost impossible with the mechanical device they used. Besides, the HPLC method they used is a tedious normal-phase method, wherein cortisol is eluted at -42 miii. Dawson et al. (11) reported a reversed-phase method, but their extraction method is very tedious, involving methanol deproteinization followed by SPE, and the detection limit of their procedure was too high ( 15 tg/L) to detect corticosterone in human plasma. However, Dawson et al. did claim a mean recovery of --82% for their analytes.
Here we describe a simple, readily adaptable, and sensitive reversed-phase HPLC method, with an internaistandard, for the simultaneous assay of cortisol and corticosterone in human plasma. We also give details of an important and simple SPE method that ensures high and reproducible absolute extraction efficiencies (>90%) of the glucocorticoids and results in chromatograms free of interferences. Possible interferences from drugs and other steroids in this method have been studied.
Materials and Methods

Reagents
Cortisol (98.9%) was obtained from the National Institute of Standards and Technology (Gaithersburg, MD); corticosterone (97%) and flumethasone, the internal standard in the assay, were from Steraloids (Wilton, NH). HPLC-grade acetonitrile, methanol, and acetone were from Burdick and Jackson (Muskegon, MI 
Extraction
Precondition the Tef Elutor C18 SPE columns twice with 3 mL ofmethanol followed by two 3-mL washes of water. Pipet 1 mL of plasma or standard and 50 ML of the internal standard (flumethasone) solution into a clean, labeled 12 x 75 mm borosilicate glass test tube; heat this in a 50#{176}C water bath for 10 mm. Add the plasma to the column and allow it to elute slowly under reduced pressure by using the extraction manifold. Wash the columns with 2 mL of water, followed by 1 mL of 100 mLIL methanol in water and 4 mL of 200 mLfL acetone in water. Air-dry the columns by applying suction to them for 10 miii. Add 1000 L of methanol and elute the steroids from the column under gravity into 10-mL Interestingly, the retention times of the steroids in both groups' methods were >13 mm, compared with <7 miii here (earlyelutingpeaks are generallymuch sharper than the later-eluting ones). Recently, Tayloret al. (14) showed thatuse ofa microbore column with a long-pathlength (10-mm) ultraviolet detector flowcell yieldedimproved sensitivity. We adapted parts oftheir observations inourwork toimprovethedetection limits forthesteroids. The good detection limit forthe analytes in our method resulted from the combined influences of the mobile-phasecomposition,the minibore column (100 x 2 mm, which theoretically shouldincreasethe sensitivity fourfold according to the column manufacturer),the ultraviolet detectorwith a 10-mm-pathlengthflowcell, and the very high absoluteextraction efficiencies of the analytes from the plasma that we obtainedby the SPE method described here.
Among the numerous HPLC assay methods forglucocorticoids reported inthe past two decades, one ofthe main differences isthe techniqueforextracting these steroids from plasma (Table 1 ).All these extraction methods have one or more disadvantages: (a)they are not simpleand do not givevery high and reproducible absoluteextraction efficiencies (2, 4, 6, 10), (b) they do not give clean extracts and chromatograms and the column deteriorates quickly(2, 4, 6), (c) they lackgood detectionlimits(2, 4, 6, 11), and (d) they are time consuming or so unique that the method cannot be readily adapted (2,4, 10, 11 We investigated several methods of minimizing the interaction between cortisol and the proteins. Deproteinization of plasma with strong acidic reagents such as perchloric acid or trichloroacetic acid is ruled out because these acids affect the ultraviolet-absorbing chromophore, the a, f3 unsaturated ketone group (O=#{224}-O==(---) of cortisol. We found that heating the plasma with the internal standard at 50#{176}C for 10 mm freed the CBG-bound cortisol so that the hormone could be extracted at >90% absolute efficiency (n = 8) after simple SPE. Axelson and Sahlberg (16) used a more rigorous method of liberating a whole group of proteinbound fee and conjugated steroids. They heated the plasma at -62 #{176}C for 10 mm, then eluted it through a C15 glass column surrounded by a water-heated (62 #{176}C) jacket. After washing the column with hot water, they eluted the conjugated and unconjugated steroids with a chloroform/methanol mixture. Although simultaneous SPE of many of the endogenous free and conjugated steroids in plasma has been studied extensively (16,17, and references therein), the technique has not been adapted for simple and efficient extraction of glucocorticoids from plasma until now. Our method of liberating glucocorticoids from high-affinity binding proteinsis superior to others (6, 10, 11) by being very efficient, simple, and economical.
While duplicating the earlier SPE methods, we often found that the column clogged during the addition of plasma, and many extraneous peaks in the chromatograms could be traced to the column housing (not the column packing material). Using the Tef Elutor columns helped us overcome both problems and simultaneously simplified the entire extraction of the corticosteroids from plasma. Most of the commercial SPE C18 columns have polypropylene housing and polyethylene fits. Methanol elutes many unwanted compounds from these blank SPE columns, either because these materials are not chemically inert or because residues are left from the manufacturing process (our unpublished observations). According to the product literature (1990), the TefElutor columns are all Teflon (housing, filters, filter membrane, and 0-ring gaskets) and are chemically inert. They gave clean extracts and chromatograms after our very simple and straightforward extraction method. Neither prior deproteinization of the plasma before addition to the SPE column nor post-column extraction washings with acid, alkali, or water were necessary for our extraction procedure. Also, there was no need to filter the reconstituted extract before injection onto the HPLC column. According to the manufacturer, the column design and construction materials eliminate column clogging during sample addition, allowing for simple and efficient extraction. In these respects, this SPE method is better than the others previously reported (6, 10, 11) . In addition, these columns are no more expensive than the non-Teflon SPE columns.
The absolute extraction efficiencies of the analytes by this SPE method were as follows: cortisol, 93%; corticosterone, 92%; and flumethasone, 94% (n = 8). The extraction efficiencies were determined by comparing the peak heights of unextracted standards with the peak heights of extracted standards prepared in steroidstripped serum. The accuracy and precision data for the assay are shown in Tables 2 and 3 . The average interand intra-assay CVs for corticosterone in patients' samples were 6.5% and 3.3%, respectively, in the concentration range 1-25 tgfL. The respective CV values for cortisol were 3.8% and 3.4% in the concentration range 0-300 .tg/L ( Table 2 ). The average inter-and intraassay recoveries (Table 3) for cortisol, relative to the internal standard, were 100.2% and 99.4%, respectively. The respective values for corticosterone were 102.6% and 103.5%. Table 4 lists the retention times of the drugs we checked for interferences in this method; Table  5 lists the retention times of the steroids (both endogenous and exogenous) tested for interference. None of the steroids tested will interfere in the method.
This reversed-phase method is superior to normalphase methods (3,11) of analysis of steroids because the former columns are more stable than the latter and the daily operational routine of the normal-phase column is minimizes the influence of residual silanol groups of the C15 packing material on the elution of the different steroids and simultaneously sharpens the peaks. After extracting and analyzing 15 different normal subjects' samples without any internal standard, we found that none of the samples had any endogenous peaks with the retention time of flumethasone. Hence we chose the latter compound as the internal standard in this work.
We have assayed >500 samples during the past year in a project to better understand the hypothalamicpituitary-adrenal axis and its dysregulation in depressed patients. Patients and controls were given different oral doses (60, 120, or 240 mg) of corticosterone, and blood samples were taken at various intervals for 24 h. Typical measurements of the glucocorticoids in a subject given 120 mg of oral corticosterone are given in Table 6 . Corticosterone does not suppress cortisol secretion at the 120-ng dosage. A higher dosage may be necessary to elicit a noticeable and lasting suppression of cortisol, given the short half-life of corticosterone.
A comprehensive evaluation of adrenal gland function requires the determination of as many steroids as possible from a single plasma specimen. Highly mechanized column chromatography (e.g., with Sephadex LH-20) (19) and gradient HPLC fractionation (20) procedures have been used for initially separating the steroids before quantification by RIA. We believe that the simplest way to separate and quantify many steroids is by isocratic HPLC methods with at least two organic solvents, as in the present assay. Such methods provide the flexibility to change the composition of the mobile phase for better resolution of the steroids of interest. Changing the mobile phase to a mixture of water, methanol, and acetonitrile 
